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 Abstract 
 
Maintenance of breeding efficiency and high semen quality is essential for reproductive 
success in farm animals. Early recognition of possible inheritable factors causing 
infertility requires constant attention. This thesis focuses on describing different 
manifestations of impaired spermatogenesis, their impact on fertility and partly also their 
incidence in populations.  
 
The reasons for spermatogenic failure are various. An interruption of germ cell 
differentiation, spermatogenic arrest, can lead to infertility. The incidence of azoospermia 
was investigated in the 1996–2005 survey of Finnish AI and farm breeding boars. We 
focused on the diagnosis, testicular morphometry and the possible reasons for the 
condition. The incidence of azoospermia was significantly higher in Yorkshire boars than 
in the Landrace breed. The most common diagnosis in Yorkshire boars was germ cell 
arrest at the primary spermatocyte level. The second most frequent diagnosis in Yorkshire 
boars was segmental aplasia of the Wolffian ducts with idiopathic epididymal obstruction. 
Other reasons for azoospermia were infrequent. 
 
Certain sperm defects are associated with impaired fertility in humans and also in farm 
animals. In the second study we investigated the incidence of two relatively well-defined 
specific sperm defects in Finnish Yorkshire and Landrace boars during the same survey, 
the immotile short-tail sperm (ISTS) defect and the knobbed acrosome (KA) defect. In the 
Finnish Yorkshire boars the inherited ISTS defect, and the probably inherited KA defect, 
were important causes of infertility during 1996–2005. The ISTS defect was found in 
7.6% and the KA defect in 0.8% of the Yorkshire boars. No Landrace boars were 
diagnosed with either of these two defects. 
  
A significant and inverse relationship between morphology and sperm aneuploidy has 
been described in men. In the third study we described a new sterilizing sperm defect in an 
oligoasthenoteratozoospermic bull. Because of its morphological characteristics this defect 
was termed the multinuclear-multiflagellar sperm (MNMFS) defect. The number of 
Sertoli cells in the seminiferous tubuli was highly increased in the MNMFS bull compared 
with the number in normal bulls. 
 
In the following two studies we used a combined approach of fluorescence in situ 
hybridization (FISH), flow cytometry and morphometric studies to provide information on 
the cytogenetic background of macrocephalic bull spermatozoa. We described cellular 
features of diploid spermatozoa and compared the failures in the first and second meiotic 
divisions. 
 
Spermatogonial stem cell transplantation is a relatively new technique in the field of male 
infertility. In the last study we describe how the transplantation of testicular cells was used 
to determine whether spermatogonia derived from donor animals are able to colonize and 
produce motile spermatozoa in immune-competent unrelated boars suffering the ISTS 
defect. Transplantation resulted in complete focal spermatogenesis, indicated by the 
appearance of motile spermatozoa and confirmed by genotyping. 
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Abbreviations 
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1. Introduction 
 
Spermatogenesis is a long process of cell differentiation in which spermatogonia proceed 
through series of mitotic and meiotic cell divisions, and complex cytological 
transformations lead to the formation of haploid spermatozoa (Garcia-Gil et al. 2002). 
This process requires the expression and precise coordination of a multitude of genes 
(Kostova et al. 2007). Successful spermatogenesis requires normal testicular development 
and formation of the extratesticular ductal system (Thielemans et al. 1998). Before 
ejaculation, spermatozoa liberated from the germinal epithelium must pass through the 
rete testis, the efferent ducts, the epididymis, the vas deferens, the ejaculatory duct, and 
the urethra (Meschede et al. 1998). 
 
The seminal ducts are mostly understood to refer to parts of the male genital track derived 
from the mesonephric (Wolffian) ducts; the epididymides, the vasa deferentia, the 
ejaculatory ducts and the seminal vesicles. The seminal ducts form a mechanical 
passageway for germ cells. Azoospermia, due to an obstruction of the genital tract, is one 
of the possible pathophysiological mechanisms that causes infertility. The obstruction of 
the seminal ducts may be congenital or acquired (Meschede et al. 1998). Earlier studies 
suggest that idiopathic azoospermia often have a genetic basis (Sadeghi-Nejad and 
Farrokhi 2006). A strong association between mutations in the cystic fibrosis 
transmembrane conductance regulator (CFTR) gene and various subtypes of obstructive 
azoospermia has been established (Meschede et al. 1998). Congenital bilateral absence of 
the vas deferens (CBAVD) in humans is mostly caused by homozygosity or composite 
heterozygosity in the CFTR gene (Sadeghi-Nejad and Farrokhi 2006). 
 
The most common chromosomal anomaly in azoospermic men is Klinefelter syndrome 
(XXY). Both maternal and paternal origins are described for this syndrome (Sadeghi-
Nejad and Farrokhi 2006). Almost all non-mosaic XXY males are azoospermic, while 
mosaic XXY/XY males may have the capacity for producing spermatozoa in variable 
numbers (Egozcue et al. 2000; Sadeghi-Nejad and Farrokhi 2006). Klinefelter’s syndrome 
with azoospermia and testicular hypoplasia has been diagnosed also in boars (Mäkinen et 
al. 1998). 
 
The reasons for spermatogenic failure are various, and an interruption of germ cell 
differentiation, spermatogenic arrest, can lead to subfertility or infertility. This condition 
may be associated with altered hormone secretion or genetic abnormalities. Several studies 
have described cases of spermatogenic arrest in men, mice, rats and bulls (Moura and 
Erickson 2001).  
 
Azoospermic boars with two descended testicles can have normal libido but no 
spermatozoa in the ejaculate. The reasons for azoospermia in these males can be 
congenital or acquired. In this thesis one of the aims was to survey boars with 
azoospermia in two Finnish pig breeds and to focus on the diagnosis and possible reasons 
for the condition. Ejaculates of 2048 boars were collected in the period 1996–2005. All 
boars were intended for use in breeding and had two descended testes. The most frequent 
diagnoses of azoospermia were arrested spermatogenesis at the pachytene spermatocyte 
stage and segmental aplasia of the Wolffian ducts. One of the boars with “Sertoli cell 
only” was cytogenetically diagnosed with Klinefelter’s syndrome. 
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Specific sperm defects have been associated with male infertility for many years (Donald 
and Hancock 1953; Blom 1976). Inherited or presumably inherited specific sperm defects 
in humans include globozoospermia, where spermatozoa lack an acrosome (Aitken et al. 
1990; Moretti et al. 2005), and the immotile cilia syndrome, where dynein arms are 
affected (Afzelius 1976). In bulls, boars, stallions, rams and dogs accordingly reported 
defects are the knobbed acrosome (KA) defect (Hurtgen and Johnson 1982; Toyama and 
Itoh 1993; Soderquist 1998; Chenoweth 2005; Santos et al. 2006) and phenotypically 
different sperm tail defects affecting the length of flagella in humans, bulls, stallions and 
boars (Ross et al. 1973; Vierula et al. 1987; Hrudka et al. 1991; Andersson et al. 2000; 
Sukura et al. 2002).  
 
In the period 1996 to 2006, two specific sperm defects with strong negative associations 
with fertility were observed in Finnish breeding boars - the KA defect and the immotile 
short-tail sperm (ISTS) defect. In this thesis the incidence of these two specific sperm 
defects and their effect on fertility and testicular histology in two pig breeds were 
examined.  
 
The treatment of human infertility using modern techniques, especially intracytoplasmic 
sperm injection (ICSI), has increased the interest in sperm defects, since the technique 
allows evaluation of the fertilizing potential of even severely abnormal sperm (In’t Veld et 
al. 1997; Kahraman et al. 1999; Tempest and Griffin 2004; Machev et al. 2005). The risk 
of producing chromosomally abnormal embryos or offspring and embryonic death or 
abortion was evaluated for different human sperm defects (Kahraman et al. 1999). 
Moreover, mutant mouse models of specific genes have markedly increased our 
knowledge of the origin of specific sperm defects (Adham et al. 2001; Yao et al. 2002). In 
cattle breeding, superior sires and breeding lines have a decided impact on the genetics of 
future generations and certain genes are enhanced in the population to produce more 
profitable offspring. This may cause an increase in certain recessive genes, resulting in 
male sterility, embryonic death, abortions or malformations in calves (Donald and 
Hancock 1953; Shanks and Robinson 1989; Agerholm et al. 2001). This thesis describes a 
new sperm defect in a bull; the multinuclear-multiflagellar sperm (MNMFS) defect.  
 
Diploidy, tetraploidy and aneuploidy of macrocephalic spermatozoa are mainly described 
in humans. In these described cases, the first (M1), the second (M2), or both the meiotic 
divisions are affected. Continuous presence of a large proportion of morphologically 
abnormal spermatozoa is often related to genetic abnormalities in animals (Barth and Oko 
1989). The exact analysis of chromosomal content of spermatozoa became possible with 
the use of fluorescence in situ hybridization (FISH). In this thesis, both M1 and M2 types 
of meiotic disorders are described in bulls using flow cytometry and FISH. 
 
Spermatogonial stem cell transplantation is a relatively new technique in the field of male 
infertility. The first successful transplantation was performed in mice in 1994 (Brinster 
and Avarbock 1994; Brinster and Zimmerman 1994). In large domestic animals, germline 
stem cells were transplanted in pigs (Honaramooz et al. 2002), goats (Honaramooz et al. 
2003 a,b) and cattle (Izadyar et al. 2003). At the end of this thesis a description is provided 
of how the transplantation of testicular cells was used to determine whether spermatogonia 
derived from donor animals can colonize and produce motile spermatozoa in immune 
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competent unrelated Finnish Yorkshire boars with the hereditary ISTS defect (Andersson 
et al. 2000; Sironen et al. 2002; Sukura et al. 2002).  
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2. Review of the literature 
 
2.1.Spermatogenesis and meiosis in a male 
Spermatogenesis is the process of sperm cell development. Rounded immature sperm cells 
undergo subsequent mitotic and meiotic divisions and a morphologic change to produce 
spermatozoa. The process is shown in following figures (Fig. 1 and 2). 
 
 
 
 
Figure 1.  The stages of spermatogenesis are illustrated on the right.  
On the left a diagram summarizing the stages of meiosis during spermatogenesis. 
(Figure http://iceteazegeg.wordpress.com/2009/02/25/gametogenesis/spermatogenesis/) 
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Figure 2 . Gametogenesis in a male. (Figure. Nicholas 2003, page 9) 
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2.2 Azoospermia  
 
Azoospermia (the absence of spermatozoa from the ejaculate) can be divided into pre-
testicular, testicular and post-testicular azoospermia. Pre-testicular includes all types of 
azoospermia, whether congenital, acquired or idiopathic (Sharif 2000). Pre-testicular 
reasons for azoospermia have seldom been reported in farm animals. Testicular 
azoospermia includes testicular disorders, such as Klinefelter’s syndrome (Maduro and 
Lamb 2002; Mau-Holzman 2005; Wattendorf and Muenke 2005) and arrested 
spermatogenesis (Moura and Erickson 2001; Kostova et al. 2007). Post-testicular 
azoospermia includes absence or occlusions of the efferent ductules, epididymis, vas 
deferens, ejaculatory duct and urethra (Sharif 2000).  
 
 
2.2.1 Klinefelter’s syndrome 
 
The most common cytological anomaly in azoospermic men is 47,XXY, Klinefelter’s 
syndrome, representing 82.5% of all sex chromosome abnormalities. Both maternal and 
paternal origins have been described. The typical Klinefelter male has spermatogenic and 
androgenic failure, but there is great variability. Klinefelter males can be of pure 47,XXY 
karyotype or a mosaic 46,XY/47,XXY (Sadeghi-Nejad and Farrokhi 2006). The usual 
cause of the uneven set is non-disjunction during mitosis at an early stage of embryo 
development. Since each of the cell lines has come from a single source, the individuals 
are termed mosaics (Nicholas 2003). Most of the non-mosaic XXY males are 
azoospermic, while mosaics may have the capacity for a minimal amount of 
spermatogenesis (Sadeghi-Nejad and Farrokhi 2006). The extra X chromosome does not 
permit the survival of germ cells in the testis, resulting in azoospermia due to germ cell 
aplasia. However, approximately half of mosaic men may have some degree of 
spermatogenesis. Klinefelter’s syndrome may be associated with hypogonadism and testes 
are usually scrotal but small (Thielemans et al. 1998). Histology shows minor 
seminiferous hyalinisation and small tubules (Dunn et al. 1980; Thielemans et al. 1998). 
 
Klinefelter’s syndrome with azoospermia and testicular hypoplasia has been described 
also in boars, bulls, cats, dogs, horses and sheep (Hancock and Daker 1981; Dunn et. al 
1980; Mäkinen et al. 1998; Nicholas 2003; Slota et al. 2003). In domestic animals XXY 
males are generally not recognizable until they are karyotyped (Nicholas 2003). 
 
 
2.2.2 Spermatogenic arrest 
 
An interruption of germ cell differentiation, spermatogenic arrest, leads to infertility and 
may be associated with either altered hormone secretion or genetic abnormalities. 
Spermatogenic arrest has been described in men, mice rats and bulls (Moura and Erickson 
2001). In spermatogenesis, a series of mitotic and meiotic cell divisions leads to the 
production of haploid germ cells and postmeiotic male germ cells differentiate into mature 
spermatozoa. This process involves marked structural and biochemical changes, including 
nuclear DNA compaction and acrosome formation, and requires expression and precise 
coordination of numerous genes (Kostova et al. 2007; Nantel et al. 1996). Dysfunction of 
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genetic factors is associated with disturbed spermatogenesis and is suspected to be a 
frequent cause of male infertility. 
  
Moura and Erikson (2001) did not discover deficiency in gonadotropin or steroid secretion 
in their study of testicular development, histology and hormone profiles in three young 
bulls with spermatogenic arrest. This points towards other abnormalities, including 
impaired gonadal responses to those hormones, secretion of intratesticular factors or 
genetic defects. Among the candidate genes with abnormal function associated with male 
infertility is the human BOULE gene, which is a possible fundamental mediator of meiotic 
transition. BOULE protein has been found in the cytoplasm of primary spermatocytes, and 
its absence has been associated with spermatogenic arrest at the meiotic stage, 
independent of the factors causing infertility (Kostova et al. 2007). Not only humans and 
primates, but also lower mammals such as mice, display analogous BOULE organization. 
BOULE may be considered as a candidate marker for the prediction of complete 
spermatogenesis (Kostova et al. 2007). In human and knockout mouse lines DNA 
Mismatch Repair (MMR) genes have been described to contribute to crossover events 
during meiotic recombination (Terribas et al. 2010). This suggests that MMR family gene 
expression may be altered in infertile males with spermatogenic failure. 
 
 
2.2.3 Segmental aplasia of Wolffian ducts 
 
Wolffian ducts develop into a system of connected organs between the testis and the 
prostate in a male. In the mature male, the functions of this system are to store and mature 
sperm and provide accessory semen fluid. Obstruction of the Wolffian duct results in the 
absence or atrophy of the vas deferens, epididymis, seminal vesicles and the ejaculatory 
ducts (Casals et al. 2000). Azoospermia due to an obstruction of the genital tract is one of 
the possible pathophysiological mechanisms causing infertility. Congenital bilateral 
absence of the vas deferens (CBAVD) is found in 6% of obstructive azoospermia in men. 
CBAVD in humans mostly results from homozygosity or composite heterozygosity for 
mutations in the cystic fibrosis transmembrane regulator (CFTR) gene (Sadeghi-Nejad and 
Farrokhi 2006). Composite heterozygosity is common, there being mostly one severe and 
one mild mutation or two mild mutations (Wang et al. 2002). Congenital absence of the 
vas deferens (CAVD) is a heterogeneous disorder, mostly due to mutations in the CFTR 
gene. It has been shown that otherwise healthy men with CBAVD frequently had CFTR 
gene mutations (Wang et al. 2002). Patients with CBAVD and unilateral absence of the 
vas deferens (CUAVD) might have a different etiology (Casals et al. 2000). The CFTR 
protein acts as a membrane-bound chloride channel and therefore CFTR mutation 
qualifies as one of the ion channel diseases (Ackerman and Clapham 1997). 
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2.3. Sperm defects causing subfertility and/or sterility 
 
Teratozoospermia is characterized by the presence of spermatozoa with abnormal 
morphology. Sperm abnormalities have long been associated with infertility and sterility 
in most species studied. In general, sperm structure plays a substantial role in fertilization 
and pregnancy outcome. The causes of sperm defects may be environmental, genetic, or a 
combination of both (Chenoweth 2005). Spermatogenesis is a complex system of cellular 
differentiation that includes mitotic stem cell proliferation, meiosis and finally 
remodelling of haploid spermatids to produce mature spermatozoa (Gerton and Millette 
1984). Sperm development includes the formation of an acrosome, the translocation of the 
nucleus-acrosome to the cell surface, the condensation and elongation of the nucleus as 
somatic histones are replaced by arginine-, lysine-rich protamines, generation of a motile 
flagellar apparatus, consisting of a microtubulus structure “9+2” axoneme and associated 
accessory structures, removal of the residual cytosolic bodies, and release of mature sperm 
into the lumen of the seminiferous tubule (Gerton and Millette 1984; Kato et al. 2004).  
 
 
2.3.1 Immotile short-tail sperm defect 
 
A reduced number of spermatozoa in the semen is a characteristic of the immotile short-
tail sperm defect. The spermatozoa are immotile, with obvious malformations in the tail 
structure, including an abundance of proximal cytoplasmic droplets, short and coiled tails. 
The testicles of ISTS boars do not differ macroscopically from normal age and breed-
matched animals and the libido of affected boars is normal (Andersson et al. 2000; Sukura 
et al. 2002). At the transmission electron microscopy (TEM) level significant 
characteristics of the spermatozoa are malformations of the midpiece with severe defects 
in the axonemal complex. The sperm heads develop normally, but the construction of the 
tail is clearly disorganized (Fig.3). This syndrome is not found in the structure or function 
of other ciliated cells in the affected animals (Andersson et al. 2000; Sukura et al. 2002). 
 
The ISTS defect is transmitted in a recessive manner and is caused by an inserted Line-1 
retrotransposon within an intron in the KPL2 gene in pig chromosome 16 (Sironen et al. 
2007). All homozygous boars with this insertion have the specific sperm defect (Sironen 
et al. 2006).  
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Figure 3. Thin section of the midpiece of boar spermatozoa. The bar represents 200 nm. 
Figure 1a) shows a cross section of tail and midpiece of normal spermatozoa.  
Note the presence of both central tubules.   
 
 
                
    
 
Figure 3 b) shows the cross section of the midpiece of  
an immotile short tail sperm without the both central tubules. 
Transmission electron microscopy and photographs by Maria Andersson. 
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2.3.2 Knobbed acrosome defect 
 
The knobbed acrosome (KA) defect was first reported in a sterile Friesian bull and 
subsequently associated with an autosomal sex-linked recessive mode of genetic 
transmission in the breed (Chenoweth 2005). In dogs this defect has been described in the 
sperm of four closely related and significantly inbred males (Santos et al. 2006). The KA 
defect been associated with infertility in boars, stallions, rams and dogs (Hurtgen and 
Johnson 1982; Toyama and Itoh 1993; Soderquist 1998; Chenoweth 2005; Santos et al 
2006).  
 
KA in boars is characterized by knobs (spherical swellings of the acrosome) found at the 
apex of the spermatozoa. Two types of vacuoles were found in the swellings: a vacuole 
containing cell debris surrounded by 2 or 3 layers of membranes and a vacuole containing 
an amorphous material surrounded by a single membrane. The cell debris in the vacuoles 
was derived from the cytoplasm of the Sertoli cell. The origin of the amorphous material 
in the vacuoles is not known (Toyama and Itoh 1993). In the bull, the major 
manifestations of this defect are a refractile, thickened acrosomal apex and an indented 
sperm apex. Electron microscopy often reveals a cystic region containing vesicles with 
inclusions, abnormal fusion of acrosomal membranes and possibly a bending back, or 
abrupt termination, of sperm nuclear material (Chenoweth 2005). Two forms of the KA 
were observed in the dogs: a folded acrosome and a nipple-like extension at the apical end 
of the sperm. Frequently the knobs had a vesicular structure, filled with membranous 
material (Santos et al. 2006). 
 
Elevated levels of knobbed acrosomes in semen may be caused by either genetic or 
environmental factors. When environmental, they are usually transient and associated with 
increased sperm abnormalities in general (Thundathil et al. 2000). In the boar and bull, the 
KA defect can occur as a consequence of testicular degeneration, but the proportion of 
affected spermatozoa in these cases is usually very low (Santos et al. 2006). A genetic 
cause is suspected when high proportions of sperm exhibit the KA defect without frequent 
numbers of other sperm abnormalities, and when the defect remains permanently at a high 
level (Thundathil et al. 2000). 
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2.4 Meiotic defects 
 
Infertile males may show a particular defect in meiotic paring and recombination 
(Egozcue et al. 2000). The result of normal meiosis is that each sperm contains one 
member of each pair of chromosomes. Containing one half of the diploid number of 
chromosomes, gametes are haploid. 
 
Meiosis is a process that includes two successive cell divisions, without DNA replication 
between them. In the first meiotic division (M1), which takes place in the primary 
spermatocytes, homologous chromosomes pair, and an exchange of genetic information 
may take place between them to produce new genetic combinations in the offspring. At 
the anaphase whole chromosomes migrate to the cell poles to produce haploid secondary 
spermatocytes, in which the chromosomes each have two chromatids. During the second 
meiotic division (M2), the chromatids migrate to the cell poles, to produce haploid 
spermatids. In these cells each chromosome has only one chromatid. After meiosis the 
spermatids change their shape and reorganize the location of their organelles to produce 
spermatozoa. Replication of the genetic material will only take place after fertilization. 
Any of these steps may go wrong, giving rise to different types of chromosome 
abnormalities such as diploidy (two copies of chromosomes) or aneuploidy (an abnormal 
number of chromosomes) (Egozcue et al. 2000). Spermatid differentiation can occur 
despite meiotic division abnormalities (Perrin et al. 2008), and since there is normally one 
disjunction in each stage of meiosis, there are two opportunities for non-disjunction during 
the formation of a germ cell (Nicholas 2003). Diploid spermatozoa may be produced as a 
result of defective meiotic division for example. Following the meiotic division pattern, 
XY-bearing spermatozoa originate from the first division (M1 diploids), and XX- or YY-
bearing spermatozoa from the second meiotic division (M2 diploids).  
 
 
2.4.1 Macrocephalic spermatozoa 
 
Several investigators have reported an association between chromosomal aneuploids and 
morphological defects in spermatozoa heads (Viville et al. 2000; Devillard et al. 2002; 
Perrin et al. 2008). High frequencies of aneuploid and polyploid sperm have been found in 
men with teratozoospermia, which characterized by large-headed, multiple-tailed sperm 
(Perrin et al. 2008). Men presenting this type of teratozoospermia are considered to have 
the macrocephalic sperm head syndrome, also known as meiotic division deficiency 
(Escalier 2002; Perrin et al. 2008). Using FISH it has been shown that in these 
spermatozoa both first and second meiotic divisions may be associated with a failure in 
nuclear cleavage (Devillard et al. 2002; Perrin et al. 2008).  
 
Since the discovery of the Y microdeletions in the 1970s, certain genes have formally 
been associated with impaired spermatogenesis in humans (Miyamoto et al. 2011).  The 
first two detected were AURKC and SPATA16 in globozoospermia (Dam et al. 2007). 
 
Typical hereditary macrocephalic spermatozoa in humans are characterized by a fourfold 
increase in the nuclear volume, irregular head shape, and four flagella. This phenotype is 
usually associated with more than 50% irregular macrocephalic sperm heads and 
tetraploidy, multiple tails, and severe male infertility or sterility (Nistal et al. 1977; 
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Escalier 1983; In’t Veld et al. 1997; Pieters et al. 1998; Kahraman et al. 1999; Devillard et 
al. 2002; Dieterich et al. 2007; Dieterich et al. 2009). The cause for this syndrome was 
identified as homozygosity for a recessive mutation in the aurora kinase C gene (AURKC) 
(Dieterich et al. 2007). AURKC is expressed in the testes and is involved in chromosomal 
segregation and cytokinesis. Functional AURKC protein is necessary only for male 
meiotic cytokinesis and its absence does not impair oogenesis (Dieterich et al. 2009). 
Absence of AURKC causes production of large-headed multiflagellar polyploid 
spermatozoa (Dieterich et al. 2007).  
 
Also other types of macrocephalic spermatozoa have been described, but they are less 
frequent (Dieterich et al. 2009). There are several reports of macrocephaly in sperm 
associated with diploidy (In´t Veld et al. 1997; Bernardini et al. 1998; Weissenberg et al. 
1998; Viville et al. 2000). In these cases the heads of the diploid spermatozoa are of more 
regular shape and they often have only one flagellum. Regular macrocephalic spermatozoa 
in humans have been subjected to sperm chromosome fluorescence in situ hybridization 
(sperm FISH), which reveals a failure of first or second meiotic divisions, giving rise to 
diploid spermatozoa. A case report from Yurov et al. (1996) describes an infertile man 
with 40% large-headed spermatozoa. The majority of these macrocephalic spermatozoa 
were contained in a diploid chromosomal content due to errors in first or second meiotic 
division, whereas the majority of normal-sized spermatozoa had a haploid content. Achard 
et al. (2007) describes a patient with 19% regular macronuclear spermatozoa and a 
prevalence of nondisjunction at the second meiotic division. 
 
The association between specific sperm morphological abnormalities and sperm 
chromosomal abnormalities was described in a case report of three infertile men with 
severe oligoasthenospermia and total teratozoospermia (Lewis-Jones et al. 2003). Double-
headed sperm, large-headed multinucleated sperm, and multiple tail deformities were 
prominent characteristics of all three patients. Large-headed sperm were thought to result 
from cytoplasmic retention or from the presence of multiple nuclei. The development of 
multiple tails has been associated with a failure of separation of cells during 
spermatogenesis or dysfunction of centriolar microtubules (Escalier 1983; Lewis-Jones et 
al. 2003). Spriggs et al. (1996) suggested that a recessive gene might predispose 
nondisjunction during cell division. 
 
A combination of sperm abnormalities, rolled-head, nuclear crest and giant heads, have 
been observed to occur in bulls. Where such abnormalities occur in significant numbers, 
there have been suggestions of hereditary linkages (Barth and Oko 1989). It is also 
suggested that rolled sperm heads are often diploid and occasionally triploid or even 
tetraploid (Barth and Oko 1989; Chenoweth 2005). Effects of this sperm defect on fertility 
are unclear, but it is logical to assume that abnormal chromosome numbers would 
compromise fertility (Chenoweth 2005). 
 
The rates of aneuploidy vary among cases and publications and probably different causes 
underlie this macrocephalic sperm phenotype because meiosis and spermatogenesis are 
complex processes involving numerous genes (Perrin et al. 2008). 
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2.5 Transplantation of testicular cells 
 
Transplantation of testicular cells, also known as spermatogonial stem cell transplantation, 
is a relatively new technique that has been applied in research on male infertility to 
characterize defects in spermatogenesis. This technique has enabled diagnosis of 
conditions affecting germ cells (Boetter-Tong et al. 2000; Wistuba et al. 2002) and 
somatic cells (Mahato et al. 2000; Johnston et al. 2001). The first successful 
transplantation was done in mice in 1994 (Brinster and Avarbock 1994; Brinster and 
Zimmerman 1994). In large domestic animals, germline stem cells were transplanted a few 
years later in pigs (Honaramooz et al. 2002), goats (Honaramooz et al. 2003 a,b) and cattle 
(Izadyar et al. 2003). Also xenogenic transplantation between species (Clouthier et al. 
1996), cryopreservation (Avarbock et al. 1996) and culture (Nagano et al. 1998) of 
spermatogonial cells have been successfully carried out and production of transgenic 
offspring following retroviral transmission of transgenes into germ cells has been reported 
(Nagano et al. 2001). 
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3. Aims of the study 
 
 
Recognition of fertility-affecting failures of spermatogenesis is important for retaining 
good semen quality and productivity in farm animals. 
 
The aims of this thesis are to describe different failures of spermatogenesis genetic origin 
that affect fertility and also partly to investigate their incidence in some populations.  
 
The specific aims of the research were to:  
1) Survey boars with azoospermia in two pig breeds and diagnose conditions by 
studying histological findings (I)  
2) Examine the incidence of knobbed and immotile short-tail sperm defects in two pig 
breeds (II)  
3) Describe a new sperm defect in a bull (III) 
4) Describe cellular features of diploid spermatozoa (IV, V)  
5) Determine whether spermatogonia derived from donor animals can colonize and 
produce motile spermatozoa in immotile short-tail sperm defect boars (VI)  
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4. Materials and methods 
 
Basic information about the materials and methods are presented in this section and in 
Table 1. For details, see the original publications. 
 
 
4.1 Animals and semen sample collection 
 
In 1996–2005 semen samples from 2048 boars (1097 Yorkshire, 951 Landrace) were 
collected (studies I and II). All boars were intended for use in artificial insemination or 
natural breeding. The specimens originated mainly from two boar stations (88% of all 
samples) and were from candidates for use in AI. Some semen samples were collected at 
boar test stations (9%) and the rest were from farm breeding boars associated with a 
possible boar-related fertility disturbance on the farm (3%). The age of the boars at the 
collection varied between 9 and 14 months.  
 
Two Ayrshire bulls and a Finncattle bull were initially selected to become AI bulls (III, 
IV, and V). The bulls were transported to an AI centre for semen collection and freezing. 
Routine semen evaluation revealed abnormal semen quality. The control animals were 
corresponding AI Ayrshire bulls showing normal sperm quality. 
 
In study VI spermatogonial cells were harvested from the excised testes of donor boars, 
which were six normal pre-pubertal crossbreds (Yorkshire–Finnish Landrace) 2–5 weeks 
of age. Recipient boars were two Yorkshire boars affected by the hereditary immotile 
short-tail sperm defect (ISTS). The ages of recipient boars were 12 and 22 months at the 
time of transplantation. Management of the animals throughout the experiment was 
approved by the University of Helsinki Ethics Committee for animal experimentation. 
 
 
4.2 Testicular histology (I-III) 
 
Testicular histology was evaluated in studies I–III. Fresh testes were sent from the abattoir 
to the laboratory. Histological specimens were taken immediately upon arrival of the 
material and fixed in Bouin’s fixative and embedded in paraffin. Sections (5 μm) were cut 
and stained with haematoxylin and eosin (HE). In study III, in addition, the Sertoli cells 
were detected by their vimentin expression (mouse monoclonal, code M0725; Dako, 
Glostrup, Denmark or UltraVision detection system; LabVision, Fremont, CA, USA).  
 
For morphometry, 20 randomly chosen HE stained tissue sections from each animal were 
used (I-III). The total tissue area and the areas of the seminiferous tubules and interstitium 
were recorded. To analyze the absolute cross-sectional value of each seminiferous tubule, 
the area and the shortest and longest axes of the tubule were recorded. Spermatogenic and 
Sertoli cells were identified according to Garcia-Gil et al. (2002), and their numbers were 
assessed per unit tubule area as groups of spermatogonia, spermatocytes, round 
spermatids, elongated spermatids and Sertoli cells (Fig.4). The number of Sertoli cells was 
counted from the vimentin stained tissue sections (III). The data were presented as 
numbers of nuclei per unit total tubule area. 
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The morphometry of testicular tissue was examined using digitalized light microscopy 
views of testicular samples and imaging software (3.0 Image Analysis Software, Soft 
Imaging Systems GmbH, Muenster, Germany) coupled to a digital camera (Color View 
12, Soft Imaging Systems GmbH). Morphological parameters of testicular tissue were 
manually measured with the software. 
 
 
 
 
Figure 4.  
Normal seminiferous tubule 
1. Spermatogonia 2. Spermatocytes 3. Round spermatid 4. Elongated spermatids  
5. Sertoli cells 
 
 
4.3 Sperm morphology and morphometry (II-V) 
 
Sperm morphology and morphometry were essential features of studies II-V. An overview 
of methods used during each study is presented here. 
 
In study II the ejaculated semen samples were diluted with 1:1 MR-A (Kubus, Madrid, 
Spain) prior to making a thin semen smear. The smears were stained using a Giemsa 
staining method (Watson 1975). 100 spermatozoa per smear were examined. In some 
cases the testicles and epididymides were sent from the slaughterhouse to the laboratory 
for further studies, and semen samples were collected from cauda epididymides and 
diluted 1:10 with MR-A extender prior to making a semen smear. For morphological 
examination, 100 spermatozoa were examined under a light microscope using Blom 
(1983) classification. Boars with more than 20% specific sperm defects were considered to 
have these sperm defects. For these boars a new semen smear was prepared 2 months 
later. 
 
Fresh semen smears were prepared in study III, for morphological and morphometric 
analyses of spermatozoa. The sperm concentration was measured with a hemocytometer 
(Bürker counting chamber; VWR International, Haasrode, Belgium). Two ejaculates were 
combined because of the very low number of spermatozoa in the ejaculates. 
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The semen sample was centrifuged and the supernatant fluid was removed. The sample 
was diluted 1:1 in BTS solution (Beltsville Thawing Solution, Kubus S.A., Madrid, 
Spain). Two age- and breed-matched normal bulls served as controls. Semen samples of 
the control bulls were diluted 1:3 with BTS. Semen samples were stained with Giemsa 
according to Watson (1975). The rest of the semen sample of the case bull was mixed 1:2 
with a formol–saline solution (Hancock 1957). For fluorescence staining, spermatozoa 
were stained with Hoechst 33342 (Molecular Probes Europe BV, Leiden, The 
Netherlands) to visualize the number of nuclei. Hoechst solution was added to the formol-
saline-diluted semen sample. 
 
A total of 200 Giemsa-stained spermatozoa from the case bull were compared with 
spermatozoa from two normal fertile bulls using the Blom (1983) classification. For more 
specific morphology studies, a total of 50 spermatozoa were divided into groups according 
to the morphology of the head and tail. In 50 randomly chosen spermatozoa, the area of 
the head was measured. In another 50 spermatozoa, the morphology of sperm heads and 
the number of tails were assessed. The tail lengths were measured from 30 spermatozoa 
and compared with 30 spermatozoa from two normal bulls. 
 
The morphology of midpieces was evaluated from 100 spermatozoa in formol–saline 
solution. In addition, 50 Hoechst-stained spermatozoa were analyzed for the number of 
nuclei and sperm tails simultaneously, according to de Leeuw et al. (1991). The 
spermatozoa were divided into the four groups according to the morphology of head and 
tail according to Kahraman et al. (1999): (1) amorphous heads with irregular shape, (2) 
multinuclear heads without excessive cytoplasm attached to flagella, (3) pinheads with no 
head structure and (4) underdeveloped spermatozoa with coiled flagella. 
 
Spermatozoa of the case bull were examined also by using transmission electron 
microscopy. Two ejaculates were combined and then centrifuged and washed in 
phosphate-buffered saline, fixed with 2.5% glutaraldehyde in sodium cacodylate buffer 
(0.15 M) and post-fixed with 1% osmium tetroxide in the same buffer. The samples were 
dehydrated in acetone and embedded in Epon (Epon Research Industries, Burlington, VT, 
USA). The ultrathin sections were stained with uranyl acetate and lead citrate. 
Observations were made with a Jeol Jem 100 S electron microscope. 
 
In studies IV and V semen straws were thawed prior to making semen smears for sperm 
morphology studies. The smears were air-dried overnight and stained with Giemsa 
according to Watson (1975). For morphological evaluation, spermatozoa were examined 
under a light microscope.  
 
In study IV the examined spermatozoa scored were categorized into one of the following 
five groups: normal-sized sperm heads without nuclear crest, normal-sized sperm heads 
with nuclear crest, large-headed sperm without nuclear crest, large-headed sperm with 
nuclear crest, and underdeveloped small sperm heads. The proportions of nuclear-crested 
spermatozoa and visible double tailed and macrocephalic spermatozoa were evaluated 
from unsorted spermatozoa, flow cytometrically separated haploid and diploid sorted 
spermatozoa, and from two normal control bulls. For each group, 200 spermatozoa were 
evaluated. Sperm morphology was also examined on wet mounts by differential 
interference contrast microscopy (DIC; Leica DMRXA microscope, Leica Microsystems 
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GmbH, Wetzlar, Germany) at x 1000 magnification (Barth and Oko 1989) to visualize the 
presence of nuclear crests. Two straws of semen were thawed in a water bath and pooled, 
diluted 10X in 0.9% NaCl, and a sample of diluted sperm was analyzed under DIC. 
 
The projected sperm head area was measured from 200 spermatozoa from the case bull 
and from two fertile control bulls. In addition, the projected sperm head area was also 
measured from haploid and diploid fractions of flow cytometrically separated 
spermatozoa. The area of each spermatozoon was analyzed from digitalized light 
microscopy views with imaging software (Cell^P Soft Imaging Systems GmbH, Muenster, 
Germany) coupled to a digital camera (Olympus DP70; Olympus Corporation, Tokyo, 
Japan). The projected sperm head area was manually measured from the images of 
Giemsa-stained spermatozoa with the Cell^P software using a pen tablet (Wacom CTE-
440; Wacom Co. Ltd., Saitama, Japan). The proportion of spermatozoa with a nuclear 
crest was estimated from the unsorted spermatozoa and from the flow cytometrically 
separated haploid and diploid fractions. In addition, normal-sized (projected area) 
spermatozoa in the diploid sort were evaluated for the presence of a nuclear crest. 
Spermatozoa with a projected area of ≥ 52 mm2 were considered macrocephalic (Giemsa-
stained, measured post thaw). In each of these studies, 200 spermatozoa were evaluated 
for each fraction. 
 
In study V projected sperm head area was measured manually according to study IV. 
Spermatozoa clearly larger than the average-sized spermatozoa were considered 
macrocephalic. The ratio of nuclear vacuoles was examined on wet mounts by differential 
interference contrast microscopy (DIC, Leica DMRXA microscope) at x 1000 
magnification. In each sample 200 spermatozoa with a recognizable sperm head (normal, 
large or small) were counted. A total of 4 categories were distinguished: normal and 
abnormal (large, crested, small) sperm heads with or without nuclear vacuoles.  
 
 
4.4 Transplantation of testicular cells (VI) 
 
Spermatogonial stem cells were harvested from the excised testes of six normal pre-
pubertal crossbred piglets 2-5 weeks old for transplantation. Donor cells were transplanted 
into the testes of two boars affected by the hereditary ISTS defect. Five weeks before the 
spermatogonial transplantations, the recipients were given busulfan (Myleran, Glaxo 
Wellcome, Middlesex, UK) to suppress endogenous spermatogenesis. Both boars received 
methylprednisolone acetate (Depo-Medrol 40 mg/ml; Pharmacia Animal Health AB, 
Helsingborg, Sweden) 23 days after the initiation of busulfan treatment to prevent possible 
effects of thrombocytopenia. The transplantation procedure was performed under general 
anaesthesia. The scrotal area was prepared for aseptic transplantation, an 18-gauge 80-mm 
long needle (Intraflon, Vycon, France) was connected to a 25 cm long tube (BD 
ConnectaTM Plus 3, Becton Dickinson Infusion Therapy AB, Helsingborg, Sweden) and a 
20 ml syringe (once, Codan Medical Aps, Rodby, Denmark) was inserted through the 
scrotal skin into the rete testis using ultrasound guidance (Aloka SSD-500, Aloka Co., Ltd, 
Tokyo, Japan, equipped with a 5-MHz linear array transducer), and the cell suspension 
was injected into the rete testis. The total number of cells transplanted into a volume of 
10–15 ml per testis was approximately 350 x 106. 
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The recipient’s ejaculates were collected once in every second week and analysed for the 
presence of motile spermatozoa, beginning 1 day before the first busulfan dose was 
administered and ending at the termination of the experiment. Spermatozoa manually 
selected under a microscope from a frozen aliquot of ejaculate collected 27 weeks after 
transplantation were genotyped. 
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4.5 Complementary methods 
 
In addition to above described, complementary methods were used in the research for this 
thesis. These methods are represented in a table (Table 1). 
 
 
Table 1. Complementary methods used in the research for this thesis 
 
Method Description Reference, manufacturer 
Single-nucleotide polymorphism 
analysis 
Study IV Illumina BovineSNP50 
BeadChip, Illumina, San Diego, 
CA, USA 
 
Genetic studies of the ISTS and 
the KA defect 
Study II Sironen et al. 2002, 2006; 
Alanko 1985; 
US Pig Gene Mapping 
Coordination Program; 
Finnzymes; 
Amersham Biosciences 
 
Karyotyping  Studies I, III and IV Gustavsson et al. 1983; 
Seabright 1971; 
Dutrillaux et al. 1973; 
Iannuzzi 1990; 
Moorhead et al. 1960 
 
Flow cytometry Studies IV and V MoFlo, Daco-Cytomation Inc., 
Fort Collins, CO, USA 
Coherent, Paladin Compact 355-
2000 Coherent Inc., Santa Clara. 
USA 
 
Fluorescence in situ hybridization Studies IV and V Rens et al. 2001; 
Goldamer et al. 1997; 
Revay et al. 2003 
 
 
Fertility trial Study IV 
 
 
Sperm chromatin structure assay 
and degree of DNA maturation 
Study V Evenson and Jost 2000; 
Becton Dickinson, 
Immunochemistry Systems; 
Innova 90, Coherent; 
Becton Dickinson; 
DeNovo Software 
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5. Results 
 
5.1 Azoospermic boars in Finnish Yorkshire and Landrace  
breeds (I) 
 
Azoospermia was diagnosed in 16 of the 1097 Yorkshire boars (Y, 1.5%) and in 2 of 951 
Landrace boars (L, 0.2%). The distribution of azoospermic boars into different diagnostic 
groups was as follows: pre-testicular 0Y/1L, testicular 9Y/1L and post-testicular 
(obstructive) azoospermia 7Y/0L. Of the Yorkshire boars, 8 were afflicted with arrested 
spermatogenesis at the pachytene spermatocyte stage (spermatocyte arrest), 7 with 
segmental aplasia and 1 with cytogenetically diagnosed Klinefelter syndrome. Of the 
Landrace boars, one was affected with severe testicular hypoplasia, but had a normal 
karyotype. A Landrace boar was diagnosed with arrested spermatogenesis at around the 
spermatid stage (spermatid arrest) (Table 2). The morphometric histology results differed 
statistically between normal boars and azoospermic boars. Typical histological findings 
were as follows: lower proportion of seminiferous tubules in tissue sections, a smaller 
tubular diameter, less round spermatids and absent elongated spermatids per unit tubular 
area compared with normal boar samples. 
 
 
 
Table 2. Azoospermia in Yorkshire (Y) and Landrace (L) boars, diagnosis and testicular weight 
 
Diagnostic group Diagnosis Number of boars affected 
(mean single testicle weight, 
weight compared with 
control testes and breed Y/L) 
Pre-testicular azoospermia 
 
Testicular azoospermia 
 
 
 
Post-testicular azoospermia 
 
Normal controls 
Testicular hypoplasia 
 
Klinefelter’s syndrome (XXY) 
Spermatocyte arrest 
Spermatid arrest 
 
Segmental aplasia (type 1)CUAVD) 
1 (26 g, 6 %, L) 
 
1 (135 g, 33 %, Y) 
8 (187 g, 46 %, Y) 
1 (203 g, 49 %, L) 
 
7 (337 g, 82 %, Y) 
 
8 (410 g, 100 %,  2L + 6Y) 
1)CUAVD, congenital unilateral absence of the vas deferens and idiopathic epididymal obstruction 
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5.2 Knobbed and immotile sperm defects in the Finnish Yorkshire 
boars (II) 
           
Of the 1097 Yorkshire boars, 9 (0.8%) were afflicted with the KA defect and 83 (7.6%) 
with the ISTS defect (Fig. 5). None of the 951 Landrace boars had either of the defects. 
Fertility data were available from two artificial insemination (AI) boars and six farm 
breeding boars affected with the KA defect and for 40 ISTS-affected farm breeding boars. 
Boars possessing the KA defect showed a low fertility when the proportion of knobbed 
spermatozoa exceeded 25% (Table 3). AI boars with 25-30% knobbed spermatozoa had a 
poor non-return rate (on average 47% compared with 85% for normal control boars) and 
produced small litters, on average 2.5 piglets less than other boars of the same breed. 
Breeding boars with 45% to 81% knobbed spermatozoa (n=6) did not produce any litters. 
ISTS boars were shown to be completely sterile. All of the 40 ISTS boars were bred to 
several sows, but produced no litters. In studies of testicular histology the boars with the 
KA defect had a smaller diameter seminiferous tubules (p<0.05) and a lower number of 
Sertoli cells (p<0.05) than controls. Boars with ISTS had a significantly lower number of 
elongated spermatids (p<0.05) and also produced, on average, only 12% of the sperm of 
normal boars. 
 
                  
 
Figure 5. Giemsa stain.                                                   b) immotile short-tail sperm (ISTS) defect  
Spermatozoa from boars affected with 
a) knobbed acrosome (KA) defect 
                                    
 
 
Table 3. Knobbed acrosome (KA) defect in Yorkshire boars 
 
  Non-return rate  
(60 days) 
Mean litter size 
(number of litters) 
 
Spermatozoa   
%   with  
the KA defect 
 
Boars selected 
for use in AI 
Boar 1 
Boar 2 
Boar 3 
44% 
50% 
Not used in AI 
 
9.5 (37) 
8.3 (35) 
- 
27 
26 
47 
 
Farm breeding 
boars 
Boar 4 
Boar 5 
Boar 6 
Boar 7 
Boar 8  
Boar 9  
 
 
No pregnancies  
in this group 
 (5-37 sows 
bred/boar) 
 
- 
45 
65 
64 
81 
70 
60 
 
 
AI, artificial insemination 
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5.3 Multinuclear-multiflagellar sperm defect in a bull (III) 
 
Testicular weight of the case bull was within normal limits, but the sperm concentration 
was extremely low compared with the normal control bulls. The karyotype was normal. 
All ejaculates contained only morphologically abnormal spermatozoa. Semen analysis 
revealed severe oligoasthenoteratozoospermia. All spermatozoa were immotile and 60% 
had multiple tails (Fig. 6). The proportion of major sperm defects was 100%. No 
acrosomes were detected in any of the spermatozoa. A midpiece with a mitochondrial 
helix was found in only 5% of the analyzed spermatozoa. In transmission electron 
microscopy (TEM), spermatids and spermatozoa showed multinucleation (Fig. 8). A 
positive correlation was found between the number of nuclei and the number of flagella 
(p<0.05) (Table 4). Morphometry of testicular tissue revealed no significant difference in 
the proportion of seminiferous tubules, but the absolute cross-sectional area of the tubules 
was reduced (p<0.05). The proportion of spermatogonia in seminiferous tubules was 
comparable with controls, but the numbers of spermatocytes and round spermatids were 
clearly reduced and only few elongated spermatids were observed. The number of Sertoli 
cells was significantly increased, in HE staining (p<0.01) and in vimentin staining 
(p<0.001) compared with control bulls (Fig.7). 
 
 
  
                  
 
Figure 6. Giemsa stained spermatozoa.                          b) Multinuclear sperm cell with double tail. 
a) Multiflagellar sperm cell and medusa  
cell (right).   
 
   
                        
 
Figure 7.  Vimentin stained testicular tissue.                    b) Multinuclear-multiflagellar sperm defect. 
a) Normal control bull.               Observe the high number of Sertoli cells. 
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                                                                           . 
 
 
Figure 8. Cross-section of multinuclear sperm cell 
Multiple nuclei visible (nu). Scale bar 10 μm.                         
Transmission electron microscopy and photograph by Antti Sukura. 
  
 
 
 
 
Table 4. Simultaneous evaluation of the number of nuclei and sperm tails in spermatozoa from the 
case bull (n = 50 Hoechst-stained spermatozoa) 
 
Head Number of nuclei  Number of flagella  
Amorphous (n=32) 
Multinuclear heads without cytoplasm (n=6) 
Pinhead (n=9) 
Underdeveloped (n=3) 
1-9 
2-4 
0 
1 
1-11 
2-5 
1-7 
1 
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5.4 Meiotic disorders in bull spermatozoa (IV, V) 
 
Abnormal spermiogram of the Finn cattle bull was investigated in study IV. It showed a 
normal sperm concentration, an initial sperm motility of 40%, and a post-thaw motility of 
20%. In morphological evaluation 23% of the unsorted spermatozoa had a large head area, 
differing from the normal size, and the proportion of nuclear crests was 14% (Fig. 9). 
Nuclear crests were found in spermatozoa with a normal head size and in spermatozoa 
with large head size. Flow cytometric sorting revealed the initial sperm population 
consisted of haploid and diploid spermatozoa. The proportion of nuclear crests was highly 
concentrated (58%) in the diploid sort compared with the haploid sort (2%). The bull had a 
normal karyotype (60XY) with no detectable abnormality.  
 
No difference was detected between the 50 000 SNP genotypes scored in the haploid and 
diploid fractions. In the fertility trial, 6 of the 12 inseminated cows were pregnant 2 
months after insemination. The sperm FISH chromosome study was done on the flow 
cytometrically sorted diploid sort. The majority of cells carried XX or YY chromosomes 
and XY-bearing spermatozoa were very rare (approx 0.7% in the diploid fraction). In 
scoring more than 1000 randomly sampled spermatozoa 32% showed the YY diploid 
signal and 18% the Y signal. This result proves that the sperm diploidy in this bull was 
caused by an incomplete partitioning of sister chromatids during the second meiotic 
division (M2).  
 
     
 
Figure 9.  
Abnormal morphology of bovine spermatozoa. 
Giemsa stain. 
Diploid spermatozoa (arrows). 
Nuclear crests (arrow heads). 
 
 
In study V two bulls (A and B) were investigated that had abnormal spermiograms with 
frequent macrocephaly, double tails and nuclear vacuoles. The proportion of immature 
spermatozoa was 9.54% in A and 7.75% in B, compared with 0.47% in the control bull. 
Nuclear fragmentation was shown in 7.1% and 31% in A and B, compared to 2% in the 
control bull. Bull B was investigated in a previous study and proven to M2 diploid. Bull 
A, an Ayrshire bull, showing normal sperm concentration, had 60% morphologically 
normal spermatozoa and 17% macrocephalic spermatozoa, where 15% had nuclear crests. 
The initial sperm motility was 60% and the post thaw motility 40%. Although the sperm 
morphology was below the acceptable limits of 70% normal spermatozoa conventionally 
 
 
 
 
34 
applied in Finland, the bull was used for 3404 artificial inseminations in total (1727 first 
inseminations). The non-return rate (60 days) was 3.2% below the average for this breed. 
In this study large headed spermatozoa of bull A were investigated with FISH using an X-
Y painting probe set. 7.5% of the spermatozoa showed the XY diploid signal. This result 
indicates a meiotic arrest in the first division (M1).  
 
 
 
5.5 Transplantation of testicular cells in a boar (VI) 
 
Before the spermatogonial transfer, no motile sperm were observed in recipients’ semen 
samples. Morphological analyses revealed that 0% and 37% of the sperm had normal tail 
lengths for boars 1 and 2 respectively. Mean sperm tail length in a boar was 17.8 μm 
(range 11.3-36.1) compared with 48 μm (range 46.5-48.3) in control boars (p<0.001). 
Thirteen weeks after the transfer of spermatogonial cells, the first motile spermatozoa 
were detected in boar 1 ejaculates. The boar produced donor-derived progressively motile 
spermatozoa in every ejaculate collected every second week between 13 and 29 weeks 
after the transfer. Spermatozoa manually selected under a microscope from an ejaculate 
collected 27 weeks after transplantation were genotyped. In two of the 20 vials the donor-
derived genotype was visible. The estimated number of motile donor-derived spermatozoa 
was from 5 000 to 10 000 per ejaculate. Between weeks 31 and 51 after transfer, no motile 
spermatozoa were detected in the ejaculates. On week 54, motile spermatozoa reappeared 
and remained until the boar was killed 59 weeks after transfer. No motile spermatozoa 
were observed in boar 2 within 22 weeks of transfer, thus, colonization and subsequent 
sperm production were considered unsuccessful. 
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6. Discussion 
 
6.1 General discussion 
 
The common subject for the studies in this thesis was impaired spermatogenesis caused by 
genetic factors resulting in reproductive failure. Some of the genetic reasons are known, 
but several remained at least partly unresolved during the study. 
 
Genetic defects are usually more easily observed in spermatozoa than in oocytes. One 
reason for this is the specialized morphology and complex formation of spermatozoa that 
requires activation of several genes and transcription factors (Sassone-Corsi 2002). 
 
The treatment of human infertility by intracytoplasmic sperm injection (ICSI) has 
increased the interest in sperm defects since the technique allows evaluation of the 
fertilizing potential of severely abnormal spermatozoa (In’t Veld et al. 1997; Kahraman et 
al. 1999; Tempest and Griffin 2004; Machev et al. 2005). Before the use of 
intracytoplasmic sperm injection (ICSI), an understanding of the genetic etiology of a 
patient-specific disorder is critical for proper counseling and decision-making (Sadeghi-
Nejad and Farrokhi 2006). Mutant mouse models of specific genes have markedly 
increased our knowledge of the origin of specific sperm defects. The risk for producing 
chromosomally abnormal embryos followed by embryonic death, abortion or 
chromosomally abnormal offspring has been evaluated for different human sperm defects 
(Kahraman et al. 1999). 
 
Also in domestic animals, some sperm defects are associated with impaired fertility or 
even sterility, while other sperm defects affect fertility only moderately when 
recommended doses of sperm are used in artificial insemination (AI) (Hancock 1953; 
Andersson et al. 1990). Identification of inherited sperm defects is crucial also in farm 
animals, artificial insemination (AI) boars and bulls and farm breeding boars, for 
maintenance of high semen quality and good fertility. In cattle breeding, superior sires and 
breeding lines have a significant impact on the genetics of future generations and certain 
genes are enhanced in the population. This fact may cause an increase in certain recessive 
genes, resulting in male sterility, embryonic death, stillbirths or malformations in calves 
(Donald and Hancock 1953; Shanks and Robinson 1989; Agerholm et al. 2001). 
 
Research on human infertility is extremely active and therefore many of the references in 
this thesis are from the field of human infertility. The final goal of the research may be 
different, but many of the methods are common. Maintenance of breeding efficiency and a 
high semen quality in farm animals is economically essential. Therefore the aim is mainly 
the recognition of different factors causing subfertility or infertility and detecting their 
possible inheritance.  
 
In this thesis the use of combined modern techniques provided valuable and previously 
unknown information about the cytogenetic background of different spermatogenic 
failures. Even so, many questions are open for further studies. 
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6.2 Impaired spermatogenesis in two pig breeds 
 
Azoospermia in boars was one of the main topics of this thesis. In Finland pigs used for 
breeding are mainly of Landrece or Yorkshire breeds. In the survey of 2048 Finnish AI 
and farm breeding boars during 1996–2005 the incidence of azoospermia was significantly 
higher in boars of Yorkshire breed (1.5%) than in those of Landrace breed (0.2%) (I).  
 
The etiology for azoospermia in these two breeds was different. The most common 
diagnosis in Yorkshire boars was germ cell arrest at the primary spermatocyte level. The 
reason for this defect was unknown at the time of writing the manuscript, but later results 
suggest that the defect maps to chromosome 15 (Sironen et al. 2010). Histologically our 
findings were quite similar to the Jackson Laboratory knockout mouse strain repro 23 with 
arrested spermatogenesis and defect in chromosome 7 (JAX Reproductive Mutagenesis 
Program). Some other features of reproductive mutant mice (Bannister et al. 2004) also 
resemble spermatocyte arrest in boars. The second most frequent diagnosis affecting 
Yorkshire boars was segmental aplasia of the Wolffian ducts with idiopathic epididymal 
obstruction. In humans a mutation in the CFTR gene is a potential cause of this condition 
(Mickle et al. 1995; Meshede et al. 1998). In boars the cause has not been studied. The 
remaining reasons for azoospermia were all infrequent, one of each occurring: Klinefelter 
syndrome in a Yorkshire boar, and in Landrace boars spermatogenic arrest, subtype 
spermatid arrest, and probable hypogonadotrophic hypogonadism with an obstruction 
between testicles and epididymides. The finding of different etiologies for azoospermia in 
these two pig breeds indicates that the reasons for azoospermia are mainly genetic and 
thus warrant further research. 
 
Also the incidence of two relatively well-defined specific sperm defects, immotile short-
tail sperm (ISTS) defect and knobbed acrosome (KA) defect were investigated in Finnish 
Yorkshire and Landrace boars in 1996-2005 (II). The ISTS defect was found in 7.6%, and 
the KA defect in 0.8%, of the Yorkshire boars. None of the Landrace boars was diagnosed 
with either of the defects. Both sperm defects occurred only in Yorkshire boars, indicating 
that these sperm defects are inherited. The KA defect is known to be caused by a single 
autosomal recessive gene in bulls (Hancock 1953; Hafez and Hafez 2000). In 2006 Santos 
et al. (2006) described the KA defect in four closely related and significantly inbred dogs. 
Already in 1985 it was suggested that the KA defect is also inherited recessively in the 
Finnish Yorkshire breed (Alanko 1985). A recessive manner of transmission is expected 
based on the pedigrees of affected boars (Alanko 1984, 1985; Sironen et al. 2002). In the 
present study, the results of homozygosity mapping of this defect were not statistically 
significant, but they may indicate the most probable positions of the KA defect-associated 
chromosomal segments. The ISTS defect is already known to be caused by an insertion 
within an intron in the KPL2 gene in pig chromosome 16 (Sironen et al. 2006), and even a 
molecular test for this defect is available. Currently all Finnish Yorkshire AI boars are 
now tested for this defect. 
 
In the survey the prevalence of impaired spermatogenesis and the aetiology for the conditions 
in these two breeds were different. The reason for this remains unclear, but the influence of 
genetic variation is probable.  
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6.3. Meiotic defects in AI bulls 
 
Sperm diploidy, aneuploidy, and polyploidy have primarily been described in humans. In 
these cases, the first, the second, or both meiotic divisions are affected. A significant and 
inverse relationship between morphology and sperm aneuploidy has been described in 
men (Martin et al. 2003). Diploidy is the most frequent sperm chromosome anomaly in 
infertile males, originating by either meiotic mutations or by a compromised testicular 
environment (Egozcue et al. 2000). The exact analysis of chromosomal content is possible 
with the use of fluorescence in situ hybridization (FISH). The commercial availability of 
probes in particular has facilitated the use of this technique. FISH has proven invaluable 
when assessing aneuploidy rates of spermatozoa in men (Tempest et al. 2009). This 
technique has now been extrapolated to cattle. We used FISH analysis of chromosomal 
constitution in morphologically abnormal bovine spermatozoa in two case studies (IV, V). 
In both studies diploidy was proven in macrocephalic spermatozoa. FISH also provided 
more information about the cytogenetic background by making it possible to discriminate 
between M1 and M2 diploid spermatozoa.  
 
We also described a new oligoasthenoteratozoospermic defect in a bull (III). Because of 
the morphological characteristics of this defect it was named the multinuclear-
multiflagellar sperm (MNMFS) defect. Meiosis and the spermiogenesis were severely 
affected and all spermatozoa in the ejaculate were abnormal. As far as we know, 
comparable sperm defects have not been previously described in cattle. Morphologically 
similar sperm defects have been described in a knockout mouse strain homozygous for the 
Hrb-/-gene (Kang-Decker et al. 2001; Juneja and van Deursen 2005). 
 
 
6.4 Economic aspects 
 
One of the economic cornerstones for the success of farms producing piglets and of dairy 
farms is effective reproduction in breeding animals.  
 
All of the disorders described in this thesis are associated with reproductive failure. Most 
of the disorders are associated with sterility, although some are less detrimental. One of 
the disorders is associated with subfertility and lowered litter size in its mild form. In 
another study the high sperm diploidy rate in a bull was associated with a calving rate of 
less than half the average for normal bulls. To conclude, high sperm quality is essential for 
effective reproduction, and early detection of disorders can have long-term effects on 
productivity. 
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7. Conclusions 
 
I) Based on our findings, causes for azoospermia in Finnish Yorkshire and Landrace boars 
were different, indicating that the reasons for azoospermia are mainly genetic and in 
populations of different breeds different frequencies of azoospermia can be expected. The 
aetiology for azoospermia in boars remains obscure and warrants further research. 
 
II) We conclude that in the Finnish Yorkshire boars the probably inherited KA defect and 
the inherited immotile short-tail sperm (ISTS) defect were important reasons for infertility 
during the years 1996-2005. 
 
III) In this study we described a new sperm defect in the oligoasthenoteratozoospermic 
bull intended for use in artificial insemination (AI); the multinuclear-multiflagellar sperm 
(MNMFS) defect. 
 
IV) The diploidy in examined macrocephalic bull spermatozoa was caused by an 
incomplete partitioning of sister chromatids during the second meiotic division (M2) 
associated with a failure in nuclear cleavage. 
 
V) A combined approach of fluorescence in situ hybridization (FISH) and flow cytometry 
provided more information about the cytogenetic background of macrocephalic bull 
spermatozoa and led to the description and comparison of a bull bearing M1 (the first 
meiotic division) and another bull bearing M2 (the second meiotic division) diploid 
spermatozoa. 
 
VI) The transplantation of testicular cells can result in donor-derived spermatogenesis and 
sperm production in recipient boars. 
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